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Abstract 
The basic principles of a novel differential resonant sensing architecture are explained, illustrated and experimentally validated. 
We describe how a digital mixer architecture may be built in order to enforce a mutually injection-locked oscillation state in two 
M/NEMS resonators. It is shown that, in this state, the phase difference between the two resonators is highly sensitive to 
mismatch and can be used to sense changes of physical quantities, whereas it is largely unaffected by drift (e.g. induced by 
unwanted changes in environmental conditions). Some results obtained with a PCB-mounted discrete-component mixer and two 
NEMS resonators co-integrated with an analog front-end validate this approach. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Cross-coupled, injection-locked electronic oscillators based on LC-tank resonators are commonly used to 
generate very stable, multiphase (typically quadrature) clock signals in high-frequency IC applications [1-2]. It is 
well-known that the phase error and the phase noise of these oscillators are highly sensitive to the mismatch between 
the resonators. This sensitivity to mismatch is a major drawback for clocking applications, which rely on a fixed 
quadrature relationship between the clock signals. However, it can be turned into an advantage for a sensing 
application, if the mismatch of the resonators is designed to depend on the quantity to be sensed. One may then take 
advantage of the mismatch sensitivity of injection-locked oscillators for resonant sensing: the LC-tanks are replaced 
with M/NEMS resonators (one of which is used as a reference) whose output signals are amplified, mixed and fed 
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back to them in order to ensure oscillation and locking. As exposed in section 2 of this paper, this should result in a 
highly-sensitive drift-free differential measurement compared to classical resonant sensing architectures. We show 
that the mismatch-induced phase-difference between the resonators should be of the order of 2Q times the variation 
of the oscillation frequency, where Q is the quality factor of the resonators. Compared to state-of-the-art differential 
resonant sensing schemes based on PLLs [3], the proposed approach does not require high-quality VCOs (voltage-
controlled oscillators, e.g. quartz-based ones), since each M/NEMS device serves as the other’s frequency reference, 
and the mixer can be implemented with only digital components: it should thus be fully-compatible with VLSI 
fabrication processes and should also be easier to design and less area-consuming than current state-of-the-art 
solutions. Furthermore, it is a fully electronic solution which does not rely on a particular mechanical design, as 
opposed to [4], for example. A proof of concept of this approach is given in section 3. The limitations and the 
extensions of the proposed approach are discussed in section 4. 
2. Injection-locked differential resonant architecture 
2.1. Framework 
The architecture represented in Fig. 1-a is that of a generic “multiphase” oscillator, in which the resonators 
oscillate in phase or in quadrature, depending on the implementation of the mixer [1,5-6]. Most authors interested in 
multiphase oscillators try to minimize the influence of dispersions between the resonators in order to obtain a given 
phase difference between the resonators. On the other hand, in a differential sensing application, one seeks to 
maximize the response of the system to mismatches induced by the quantity of interest; thus, in this particular 
context, one may draw some benefits from the well-known sensitivity of multiphase oscillators to such mismatches. 
Fig. 1-b shows the mixer architecture studied in section 2.2, in which the electromechanical transduction principles 
are idealized. It can be implemented with two comparators, one XOR gate and two AND gates.  
 
Fig. 1. The proposed differential resonant sensing architecture (a) consists of two resonators in a state of mutual injection-locking, enforced by a 
mixer. The mixer (b) ensures that the resonators oscillate in quadrature when tuned. Corresponding waveforms are shown on the right (c). 
2.2. Analysis 
Let us assume the two resonators are governed by linear 2nd-order dynamics, and that, in their nominal state, they 
are identical, i.e. they have the same quality factor Q and natural pulsation Z0. The dynamics of the system are then: 
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where x (resp. xH) is the position of the reference (resp. sense) resonator, the dot denotes differentiation with respect 
to time and f and fH are the forces acting on the resonators, equal to 0 or F, depending on the signs of x and xH. We 
consider the case of stiffness variations of the sense resonator, H designating the relative stiffness difference.  
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Assuming a periodic oscillation takes place, one may write x=Asin(Zt) and xH=AHsin(Zt+I) and use describing 
function analysis [7] to determine the characteristics of the steady-state of the system. We find: 
2
0 2 2 2
1 1 1 1 11
2 4Q Q Q
Z Z H H§ · § ·     ¨ ¸ ¨ ¸© ¹ © ¹ , 
0cot
2
Q ZI HZ  , 0 sin
QFA AH MSZ Z   (2) 
As expected, the oscillation frequency Z depends on H  and is proportional to Z0. Consequently, the phase lag I 
between x and xH is independent of Z0 (only the ratio of Z0 over Z appears in the expression of I). Thus, the 
variations of Z0 induced by environmental variations do not pollute the measurement of I. Furthermore, we find that 
for large values of Q and small values of H, the relative variation of I is 2Q times the relative variation of Z. In a 
nutshell, measuring I (i.e. measuring the pulse width of f or fH) leads to a highly sensitive measurement of the 
quantity of interest H, which is unpolluted by environmental variations and, consequently, has good long term 
stability. 
3. Experimental validation 
A proof of concept of this approach is given, in which the two resonators (NEMS tungsten cantilever beams with 
dimensions 10 Pm length, 500 nm width, 900 nm thickness and electrostatic actuation gap of 450 nm) are 
monolithically integrated in AMS 0.35Pm technology with a CMOS amplifier [8]. The open-loop responses of the 
resonators (and their analog front-ends) are shown in Fig. 2-a, yielding a natural frequency of 3.4 MHz and a quality 
factor of the order of 100. The resonators are mounted on separate chips and are cross-coupled with a PCB-mounted 
discrete-component mixer consisting of two AD8561 comparators, one 74HCT08 AND gate, one 74HCT86 XOR 
gate and two variable resistors to adjust the actuation voltage. Typical waveforms are shown in Fig. 2-b. The period 
and the pulse widths of the actuation voltages are measured with an oscilloscope, while changing the bias voltage 
(hence the electrostatic stiffness) of one of the resonators, in order to modulate its natural resonance frequency. 
These results, shown in Fig. 4, are qualitatively and quantitatively consistent with the theory. 
 
Fig. 2. Open-loop characterization results of the resonators and their analog front-ends (a). Typical signals measured on the injection-locked 
architecture (b). Note that there is a small phase-lag between the detected signals (bottom) and the signals used for actuation (top).  
4. Discussion 
The differential sensing architecture studied in this paper has a certain similarity to absolute sensing architectures 
based on PLLs. The first difference is the fact that we use an M/NEMS oscillator as a reference oscillator, which 
allows us to avoid co-integration or electronic design issues and also provides us with a differential measurement 
(a) (b) 
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rather than an absolute one. Furthermore, in a PLL, the frequency of the VCO is slowly adjusted so that the phase 
error is cancelled “in the mean”, whereas in our approach, the two resonators are strongly coupled (in the “fast” time 
domain), each one being directly driven by a signal representing the instantaneous phase error. Two routes of 
improvement for the architecture of Fig. 1-b have been identified. First of all, an obvious development of the 
proposed approach for an actual sensing application would be to control a parameter of one resonator (or both), e.g. 
the bias voltage, in order to keep the system at a nominal operating point and extend its dynamic range. Also, the 
behavior of the proposed architecture is quite sensitive to asymmetry (such as different signal path lengths), which 
may become critical in high frequency applications, but can be minimized with careful design. Note that this 
architecture is in fact derived from our previous work [9], in which the synchronized dynamics of bouncing NEMS 
switches are studied. However, this architecture is not the only way of achieving a state of mutual injection between 
two oscillators [2, 5]. Finding a robust way of minimizing the impact of non-idealities (non-linearities, delays, etc.) 
is the object of our ongoing work. More results obtained with the present architecture will be presented in an 
upcoming paper. 
 
Fig. 3. Measured pulse widths (left) and period (right) vs. resonator bias voltage. The reference  resonator is maintained at 32V bias.  
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